The effects of physiological levels of glucagon on Ca2" efflux were examined in the perfused rat liver. Two methods were used to estimate Ca2' efflux: (i) It is generally recognized that a-adrenergic agents and vasopressin stimulate gluconeogenesis by a Ca2l-dependent mechanism (1-3). Though it has been reported that glucagon and cyclic AMP as well as catecholamines mobilize intracellular Ca2l from the perfused liver, in these earlier studies the hormones were used in unphysiologically high concentrations (4-6). In more recent investigations in which physiological levels ofglucagon were used, an increase in cytosolicfree Ca2+ was shown to follow hormone administration (7, 8) .
of glucagon and vasopressin had no additive effect on Ca21 release. Prior administration of vasopressin resulted in markedly reduced Ca2' release by glucagon. These results indicate that glucagon releases Ca2+ from the same pool that vasopressin does.
It is generally recognized that a-adrenergic agents and vasopressin stimulate gluconeogenesis by a Ca2l-dependent mechanism (1-3). Though it has been reported that glucagon and cyclic AMP as well as catecholamines mobilize intracellular Ca2l from the perfused liver, in these earlier studies the hormones were used in unphysiologically high concentrations (4) (5) (6) . In more recent investigations in which physiological levels ofglucagon were used, an increase in cytosolicfree Ca2+ was shown to follow hormone administration (7, 8) .
Physiological levels of glucagon were also shown to decrease the Ca2+ content of isolated hepatocytes (9) .
These later studies, while establishing that in isolated liver cells glucagon at physiological concentration causes a redistribution of Ca2+, did not identify the intracellular Ca2+ pool(s) affected by the hormone. Many previous reports indicated that the mitochondrial Ca2+ pool was the hormonesensitive Ca2+ pool (summarized in ref. 10 ). However, more recently, the possible importance of the endoplasmic reticulum Ca2+ pool was emphasized (11) . In the light ofthe above reports, it seemed necessary to evaluate the effects of physiological amounts of glucagon on hepatic Ca2' distribution and to identify the hormone-sensitive pool(s) from which glucagon releases Ca2+.
Thus, the present studies were undertaken to clarify the following questions.
(i) Does glucagon at physiological concentrations elicit Ca2' efflux from the perfused liver?
(ii) What is the intracellular pool from which glucagon releases Ca2 ?
In order to identify the hormone-sensitive Ca2+ pool, a method reported and previously employed by several laboratories was used (12) (13) (14) . In this method, mitochondrial Ca2' is released by a mitochondrial uncoupler. The Methods. Livers were perfused in situ with Krebs-Ringer bicarbonate (KRB) buffer that, if not otherwise indicated, contained 4% bovine albumin. The perfusion system has been described in detail (5). Drugs and hormones, when indicated, were added to the perfusate through the cannula leading to the portal vein. To label the hepatic Ca2+ pools with 45Ca2 , livers were perfused in a recirculating system for 90 min with perfusate containing 0.5-1.0 ,Ci (1 Ci = 37 GBq) 45Ca2+ per ml. The test period shown in the figures was started by switching to Ca2+-free KRB buffer containing 0.2 mM EGTA. Instead of being recirculated, the perfusate was then collected into plastic vials.
For measuring the radioactivity of the perfusate, 100-,u aliquots were mixed with Protosol. Subsequently, 5 ml of scintillation fluid was added, and the samples were assayed in a liquid scintillation counter.
The total Ca2+ in the perfusate was measured by standard techniques with a Perkin-Elmer atomic absorption spectrophotometer. The liver Ca2+ content was determined after an overnight ashing at 600°C. Subsequently, the samples were diluted with 0.1 M HCl containing 0.01 M SrCl2, and Ca2+ was determined as in the perfusate. Calculation of Ca2+ content was corrected for extracellular Ca2+. Extracellular volume was taken to be 28% based on prior determinations with [14C]sucrose (6) .
Results are expressed as means + SEM.
RESULTS AND DISCUSSION
The effects of various amounts of added glucagon on the release of Ca2+ from perfused rat livers are shown in Fig. 1 was observed. The lowest amount of glucagon that showed a release was 0.2 nM, while 0.5 nM did not give a response. No additional amounts were examined between these two doses. These experiments prove unequivocally that 0.2 nM glucagon releases Ca2" from the liver. This hormone concentration is within the physiological range (15) (16) (17) . These data complement previous demonstrations with quin-2 showing that physiological levels of glucagon increase cytosolic Ca2+ in isolated hepatocytes (7, 8) and decrease hepatic Ca2+ content (9) . These studies apparently disprove previous arguments that physiological levels of glucagon do not affect hepatic Ca2' distribution (1, (18) (19) (20) . The effect of glucagon is probably mediated by cyclic AMP because cyclic AMP was shown in earlier studies to mimic the effects of glucagon on ion fluxes (4) (5) (6) 9) . In the studies with 45Ca2+, the effects of sequential hormone administration on Ca2' release were also examined.
Glucagon administration after a previous maximally effective dose of glucagon (Fig. 2) was not followed with Ca2+
release. This might have been partially due to the refractoriness of the glucagon receptor because cyclic AMP after glucagon did evoke a second smaller burst of Ca2+ efflux (not shown). It is also possible that this dose of glucagon (10 nM) depleted most of the glucagon-sensitive Ca2+ pool(s). When nonmaximal doses of hormones were given, sequentially administered equimolar glucagon and vasopressin both released Ca2+. These experiments showed that we could use the method of sequential hormone administration in experiments aimed at evaluating whether the two hormones release Ca2+ from the same or different intracellular pool(s). The result of these studies is presented in Table 1 . Glucagon released 107 + 57 nmol of Ca2+ per g of liver. Thus, the amount of Ca2+ released by glucagon was about 20-25% less than the Ca2+ released by equimolar amounts of vaso- (21) and recently with the combination of glucagon and vasopressin in isolated hepatocytes (22) .
The amounts of Ca2+ released by maximally effective amounts of glucagon and vasopressin were close to the values reported to be released by vasopressin and phenylephrine in other perfused liver systems. Thus, Kleineke and Soling reported that vasopressin releases 97 ± 11 nmol of Ca2+ per g of liver (23); Reinhart et al. (24) , 80-120 nmol of Ca2+ per g of liver; and Althaus-Salzmann et al. (25) , 116 ± 20 nmol of Ca2+ per g of liver for phenylephrine. In these latter two studies, the effect of glucagon was also examined, but the results showed considerably less release with glucagon. Reinhart et al. reported a release ofabout 30 nmol of Ca2+ per g of liver; Althaus-Salzmann reported almost none. These latter studies were done in low-Ca2+ perfusate, which might contribute to the discrepancy.
A pivotal question in connection with Ca2+ release evoked by each stimulant is the identity of the source of its release. To explore this question, the approach outlined in refs. 12-14 was used. In short, the effects of a mitochondrial uncoupler, which is known to release mitochondrial Ca2 , on the glucagon-evoked Ca2+ efflux were measured. The results (Table 2) show that in the experimental conditions used, glucagon releases Ca2" both from the mitochondrial and the microsomal pools. This conclusion is based on the observation that the amount of Ca2+ released after FCCP treatment is considerably less than the amount released without prior FCCP administration. Moreover, glucagon administration before the addition of FCCP considerably reduces the amount of Ca2+ released by the latter. Because glucagon releases some Ca2+ after the mitochondrial pool was depleted by FCCP, it seems that glucagon also releases Ca2+ from an FCCP-insensitive pool-probably from the endoplasmic reticulum.
In a publication by Somlyo et al. (26) , it was estimated that the mitochondrial Ca2+ content corresponds to 5% of the total Ca2t in the liver. In the present study, the total FCCP-releasable Ca2t is also about 5% of the total cell Ca2 . Thus, based on the presented data, the mitochondrial calcium The final concentrations were: FCCP, 50 ;LM; A23187, 50 /hM; glucagon, 5 ;LM. n, Number of experiments.
*Time of the addition of the test agent to the liver after the switch to the Ca2+-free medium. might be involved in the glucagon-or cyclic AMP-evoked hormonal effects. These results support earlier observations by Chen et al. (12) and others (10, 27) .
The possible involvement of the mitochondria in the hormonally evoked Ca2" release has been questioned on the basis of studies obtained with permeabilized hepatocytes (11) . Although FCCP, when applied to isolated subcellular fractions, releases Ca2l specifically from the mitochondria and not from the endoplasmic reticulum, the possibility that it acts differently in intact cells cannot be excluded. We found that FCCP-in the experimental conditions employed-does lower total hepatic ATP levels considerably (unpublished data). While lack ofATP does not trigger Ca2' efflux from the endoplasmic reticulum directly, it might induce Ca2' release indirectly by preventing its uptake. Such fast Ca2' release might be caused by ATP depletion only, if the turnover rate of the endoplasmic reticulum Ca2+ pool were very rapid. Thus, because of the marked ATP depletion that follows FCCP administration, the interpretation of the results obtained with this agent is equivocal. However, based on the presented data, the relative importance of the different intracellular Ca2+ pools in the hormonal response has yet to be defined. The mechanism by which glucagon releases Ca2+ from either the mitochondria or the endoplasmic reticulum is not known. Glucagon was not reported to be among the hormones that affect phosphoinositol metabolism in the liver, a mechanism which is indicated in the hormonal release of Ca2+ from the endoplasmic reticulum (11) . The elucidation of the exact mechanism by which glucagon alters Ca2' and other ion distributions will be necessary for the full understanding of its mode of action.
